I. INTRODUCTION
H IGH-PRECISION nanopositioners have been extensively used in many applications such as scanning tunneling microscopy [1] , atomic force microscopy [2] , and emerging ultrahigh-density probe storage system [3] , [4] . These nanopositioners typically have high positioning accuracy with a large dynamic range and a wide bandwidth, enabling fast and robust closed-loop position control. Although macroscale nanopositioners can achieve nanometer-scale positioning resolution and accuracy, they are relatively large and expensive [5] , [6] . Microelectromechanical systems (MEMS) nanopositioners have attracted significant interest recently due to their small size, low cost, fast dynamics, and the emergence of applications such as probe-based data storage [7] , [8] . Closed-loop feedback control of the positioners is highly desirable if a high degree of displacement precision is required, and such a control system needs an accurate source of position information [9] , [10] . However, many of the MEMS nanopositioners reported in the literature are not equipped with on-chip sensors due to the restrictions associated with microfabrication processes [11] , [12] . Thus, in-plane movements are often measured by laser reflectance microscopes [13] , [14] or optical microscopes [15] , making the footprint of the whole system fairly large. There are several exceptions in the literature, e.g., an embedded on-chip capacitive displacement sensor was integrated in a thermally actuated positioner in [16] . Nevertheless, only open-loop results were obtained, and a complex fabrication process was required for electrical insulation between electrical heating and sensing circuits. Recently, a thermal sensing scheme has been used in a probe-based storage device [17] , [18] . Microheaters were used to measure the motion of a MEMS microscanner with a resolution of less than 1 nm. Compared to a comb capacitive sensor, a thermal sensor is much more compact and can be easily integrated with actuators in a MEMS device [19] . In [20] and [21] , off-chip electromagnetic coil actuators were adopted for scanner actuation, and a complex mass-balanced structure was designed for vibration resistance purposes. In this paper, a novel electrothermal position sensor is integrated with an electrothermal actuator in the same MEMS chip without the need for inclusion of extra electrical insulation fabrication process, as reported in [16] , or assembling two chips, as reported in [20] and [21] . Although, compared with other MEMS actuators, electrothermal actuators consume more power, they do offer certain advantages. They can operate under low voltages, can generate large forces, and enjoy a high degree of vibration resistance due to their stiff structures [22] . A MEMS device with integrated electrothermal actuation and sensing has been microfabricated in a bulk silicon process. Measurement results show that the positioner has a dynamic range of 14.4 μm and an open-loop bandwidth of 101 Hz. To reduce the low-frequency thermal drift, the sensors are operated in a pair and measured by a differential circuitry. The sensor was measured to have a small low-frequency drift of 8.9 nm over 2000 s. The on-chip displacement sensing enables a feedback control capability. A model of the positioner is derived, and a proportional-integral (PI) feedback controller is implemented digitally in a dSPACE rapid prototyping system to investigate the closed-loop performance of the positioner. The open-and closed-loop performances of the system in tracking a step displacement were investigated. The closed-loop step response results show a steady-state rms positioning error of 8.6 nm, while the corresponding value of the open-loop seek operation can reach to 1180 nm. A good tracking performance was also achieved for a 10-Hz triangular reference by using a two-degree-of-freedom (2DoF) feedback control system consisting of a PI controller and a prefilter. This paper is organized as follows. In Section II, we present the electrothermal positioning scheme and its modeling. The microfabrication process is described in this section as well. Section III presents the experimental setup and system characterization of the positioner. Open-loop static and dynamic responses are presented to verify that the positioner behaves as predicted. Section IV presents the details of the open-and closed-loop control designs. The tracking performances of step and triangle references are presented in this section. Section V concludes this paper.
II. DESIGN, MODELING, AND MICROFABRICATION

A. Design Description
The conceptual schematic view of the nanopositioner is shown in Fig. 1 . The position sensors are two beam-shaped resistive heaters made from doped silicon. The application of a fixed dc voltage across the heaters results in a current passing through them, thereby heating the beams. As a heat sink, a rectangular plate is placed beside the beam heaters with a 2-μm air gap. The positioner stage is actuated by an electrothermal actuator.
Before applying a voltage across the actuator, the positioner stage is at the initial rest position (the dashed box in Fig. 1 ), where the two edges of the sink plate are precisely aligned with the middle of the two thermal resistive sensors R 1 and R 2 . The sensors are biased by a dc voltage source V dc , and the heat generated in the resistive heater is conducted through the air to the heat-sink plate (positioner stage). As the plate is centered between the two thermal sensors, the heat fluxes out of the sensors are identical, thereby equaling the temperature and resistance of the sensors. After applying a voltage on the actuator beams, the positioner stage is displaced toward left. The heat fluxes associated with the sensors on the left and on the right become different, resulting in a corresponding difference in the resistances of the left sensor (R 1 ) and the right sensor (R 2 ). Thus, the displacement information of the positioner stage can be detected by measuring the resistance difference between the two sensors. The differential changes of the resistance result in current variations in the beam resistors, and the currents are converted to an output voltage using a pair of transimpedance amplifiers and an instrumentation amplifier. To suppress the common-mode noise, the gains of these two transimpedance amplifiers must be well matched by adjusting the feedback resistance of the transimpedance amplifiers. Employing the differential topology allows the sensor output to be immune from undesirable drift effects due to changes in ambient temperature or aging effects.
The positioner stage is actuated by a chevron electrothermal actuator, as shown in Fig. 1 . Compared to other actuation methods, the electrothermal actuators are simple to implement, operate at low voltage, and provide large forces. Due to the stiffness of the structures, no complex mass-balanced structures are needed for vibration resistance purposes, as proposed in [21] . The chevron electrothermal actuator has a pair of thin hot arms at an angle with respect to each other, as shown in Fig. 1 . The chevron actuator's operating voltage range is typically 0-15 V, depending on the geometry. The displacement is proportional to V 2 , and the maximum displacement is limited by the buckling of the hot arms at high temperatures (> 700
• C) [14] .
B. Modeling
In this section, we predict the sensor temperature and resistance as functions of sensor bias and actuator displacement. To simplify the analysis, a lumped parameter approach and static (time-invariant) conditions are considered. Each sensor resistor is considered as a small solid object in which thermal convection is zero. This simplification allows us to describe the resistor temperature by a scalar variable rather than a distribution. Moreover, it allows us to combine different heat transfer coefficients between the object and different parts of its surrounding area (which includes air, heat sink, and gold pads at the ends) into an overall thermal resistance coefficient. According to Newton's law of cooling, the heat transfer from the object to air primarily occurs by thermal conduction in a very thin layer of air adjacent to the object surface rather than thermal convection. Although thermal convection can participate in the transfer of heat outside the foregoing thin layer, its overall affect in stationary conditions can be modeled as an equivalent thermal resistance between the object and air. Thus, we assume a uniform temperature distribution in each sensing resistor. The following discussion shows how a lumped parameter analysis can predict the temperature in terms of the applied voltage.
Let the electric resistance of a resistor at room temperature T o be R o (in ohms) and its variation with temperature described by a constant temperature coefficient α (1/
• C). The overall thermal resistance between the resistor and the outside world, including its connection to a voltage source, is K −1 (in degrees Celsius per watt). Assuming a uniform temperature distribution T across the resistor, we can equate the electric power generated in the resistor with the thermal power flow from the resistor to the outside world as
where V is the constant voltage across the resistor. Since the constant α does not depend on temperature, (1) can be written as a second-order algebraic equation with T − T 0 as an unknown. In this way, the resistance value and its temperature can be formulated in the following forms: 2 as the overall thermal resistances from electric resistors R 1 and R 2 of the sensor to the area around the sensor, respectively. As the plate in Fig. 2 moves to the left side, K 1 increases while K 2 decreases. Let us assume a simple dependence between the overall thermal resistance and the plate position x, defined in Fig. 2 , in the following forms:
wherex ≡ x/L is the normalized position, L is the length of each resistor, and K −1
max refer to the minimum and maximum overall thermal resistances of each resistor. In this way, (2) and (3) can be used to predict the steady-state values of resistors and their temperatures in the following forms:
where R o is each resistance value at zero bias voltage. At zero actuation, wherex = 0.5 and
we assume that the sensor resistors match. Hence, the sensor output voltage is proportional to R −1
2 . We employ this difference between electric conductances to measure the displacement, as illustrated in the following simulation.
Assuming the parameter values in Table I and using (4) and (5), the steady-state values of temperatures, resistances, and sensor output for different position values are obtained as shown in Fig. 3(a)-(c) , respectively. Although the resistance values depend nonlinearly on displacement, the sensor output exhibits an almost linear dependence on displacement.
C. Microfabrication
The device was fabricated in a commercial silicon-oninsulator (SOI) MEMS foundry (MEMSCAP) process [23] with a 25-μm-thick silicon device layer and a minimum gap of 2 μm. Fig. 4 shows an illustrated summary of this process. 1) Surface metal pads are patterned on a highly doped n-type 25-μm silicon device layer to allow for ohmic contact. 2) Deep reactive ion etch (DRIE) from the front side of the wafer to define both the anchored and movable features of the structure. 3) A protective polyimide layer is applied to the front side. 4) A deep trench underneath the movable structures is created by etching through the substrate using DRIE. 5) The exposed buried oxide is removed using a wet HF etch. 6) The polyimide coat on the front side is removed by oxygen plasma, thereby allowing the movable structure to be fully released. The front-side oxide layer is removed using a vapor HF process. Then, a large contact metal pad (i.e., electrical grounded contact) is patterned on the substrate to reduce parasitics. The scanning electron microscope (SEM) image of the whole device and a section of it are shown in Fig. 5 .
To reduce the thermal coupling effects from the electrothermal actuators to thermal sensors, a number of holes were embedded in the center shuttle between actuators and the heatsink plate. The holes are expected to improve the thermal convection, thereby thermally insulating the heat-sink plate from actuators. The suspension beams help the thermal insulation as well, due to the heat transfers to the substrate through the suspension beams and its anchors. Table II summarizes the device design parameters and measured beam resistance.
III. EXPERIMENTAL CHARACTERIZATION
The nanopositioner was calibrated using a Polytec planar motion analyzer (PMA-400, Polytec GmbH). Digital image capturing and analysis methods were used to determine the in-plane displacement of the positioner stage. Although PMA uses a normal speed camera with a maximum exposure time of 82 ms, it can measure periodic processes at frequencies as high as 1 MHz by using the stroboscopic principle [24] . The step time response of the actuator was obtained using PMA, as shown in Fig. 6 . A 9-V step voltage was applied to the actuator, and the PMA recorded the displacement time response. After 20 ms of actuation, the positioner stage reached a stable position of 14.4 μm. The time constant is around 1.6 ms. Fig. 7(a) shows the static actuation voltage versus displacement measured data along with a fitted fifth-order polynomial. With the actuation voltage of 9 V, the electrothermal actuator can achieve a maximum displacement of 14.4 μm. Due to the nature of the thermal expansion, the actuator can only move forward in one direction after the application of a voltage. However, the actuator can be biased to an initial position by a dc voltage, such that it can move forward or backward by increasing or decreasing the applied voltage. For instance, for a 10-μm travel range with bidirectional movement, the actuator can be actuated by a 4.5-V dc voltage to the middle position (5 μm) of the desired range.
At every actuation voltage, the instrumentation amplifier outputs were recorded for the calibration of position sensors, as shown in Fig. 7(b) . The sensors were biased with 6 V, and the instrumentation amplifier gain was set at 90.3 V/V. At this bias voltage, each sensor has a power consumption of 60 mW, and the sensitivity is 0.27 mV/nm at a displacement range of about 6 μm. The sensitivity decreases when the displacement is more than 6 μm. A possible reason is that the temperature distribution is not uniform in the thermal sensor beams. Due to the heat loss in the anchor of the sensor beams, the middle of the beam is hotter than its two ends, as noted in [25] . The temperature distribution can be seen in Fig. 8 . A 10-V dc voltage was applied to the left sensor, and illumination was observed in the middle of the silicon beam. The right sensor is dark since no voltage was applied to it. Fig. 9 shows the relationships between positioner displacement and sensor output at various sensor biases. The sensitivity can be increased by increasing the sensor bias voltage. However, the nonlinear nature of the response could not be eliminated by increasing the bias voltage.
The dynamic characterization was conducted using an HP35670A spectrum analyzer. A voltage of 4.5 V dc plus 1 V ac was applied to the actuator, and swept sinusoidal measurements were obtained from 1 Hz to 51.2 kHz using the on-chip thermal sensors. The frequency response, illustrated in Fig. 10, shows that the open-loop bandwidth of the positioner is 101 Hz, which is relatively low compared to the thermal structures fabricated by PolyMUMPs [26] . The reason is due to the fact that the heat transfer to surrounding air in SOIMUMPs is much slower than that to the substrate in PolyMUMPs. However, the bandwidth of 101 Hz is satisfactory for some positioning applications. Fig. 11 shows the open-loop sensor drift when the positioner is at rest, which was measured at the output of the instrumentation amplifier over a period of 2000 s under normal laboratory conditions. The yellow/gray line is the moving average of the measured data, which indicates the low-frequency drift. Owing to the differential sensing of the sensor pair, the open-loop amplifier output has a low drift of 2.4 mV over 2000 s, which corresponds to 8.9-nm displacement.
IV. CONTROL DESIGN
In this section, open-and closed-loop position control strategies are investigated for the positioner. A dSPACE-1103 rapid prototyping system was used for real-time implementation of the controllers and data acquisition. Fig. 12 shows the structure of the open-loop control method. Lookup tables can be used for fast computation of static nonlinear input-output mappings. For a specific input value to the block, it generates an output value based on interpolation or extrapolation among the recorded data values. The lookup table at the input of the electrothermal actuator converts the reference signal (in micrometers) to an appropriate actuation voltage, as shown in Fig. 13(a) . Since the number and precision of the measured data points are not enough to provide a smooth curve, a fifth-order polynomial was fitted to the measured data in Fig. 7(a) to generate the data for the input lookup table. A similar procedure was followed for the lookup table at the output of the electrothermal actuator to convert the sensor output voltage to displacement, as shown in Fig. 13(b) . For a sensor bias voltage of 7 V, a third-order polynomial was fitted to the measured data points in Fig. 9 to generate smooth and monotonic data for the output lookup table. To avoid the infinite slope of the curve around zero displacement in Fig. 13(a) , the origin for displacement was shifted to +1 μm. The performance of the open-loop control method with a staircase reference signal is shown in Fig. 14 . The open-loop controller cannot provide an acceptable tracking performance for displacement. This is due to plant uncertainties and sensor drift. Plant herein refers to the combination of the thermal MEMS device plus electronic circuits for actuation and sensing. Hence, feedback control is necessary for accurate positioning. 
A. Open-Loop Control
B. Closed-Loop Control
For closed-loop control, we incorporated a PI controller in addition to the nonlinear mappings, as shown in Fig. 15 . The integration part in the PI controller provides a closed-loop unity low-frequency gain form reference to displacement for set-point tracking and robustness to uncertainties and disturbances. The proportional part in the PI controller is used to reduce the overshoot in step response. With an integral gain of ki = 700 and a proportional gain of kp = 1.3, the positioning performance is significantly improved, as shown in Fig. 14 . Based on this control scheme, a controllable desired response of 2.5-μm steps over a 10-μm range was obtained with a maximum time constant of 1.4 ms, as shown in Fig. 14. Fig. 16 shows the close-up view of the 7.5-μm closed-loop seek operation in Fig. 14, which indicates a steady-state rms positioning error of 8.6 nm. As a comparison, the steady-state rms positioning error of a similar open-loop seek operation can reach to 1180 nm.
For a 10-Hz triangular reference covering a 10-μm range, the one-degree-of-freedom (1DoF) PI control system in Fig. 15 , with k i = 2000 and k p = 4, yields an acceptable control performance, as shown in Fig. 17 (labeled "No prefilter" ). In this case, the steady-state tracking error has a standard deviation of 0.09 μm, which is almost one percent of the 10-μm full range. The control performance can be further improved with a 2DoF control system consisting of a PI controller and a prefilter, as shown in Fig. 18 . The lookup tables provide the nonlinear mappings described earlier. To provide better stability margins, we used lower gains of k i = 1100 and k p = 2 for the PI controller. This also reduces the effect of measurement noise on the controlled displacement output due to feedback. The prefilter with the frequency response shown in Fig. 19 is used to speed up the response and reduce the tracking error without affecting the stability margins and unity low-frequency gain of the closed-loop system. The tracking performance for a 10-Hz triangular reference is shown in Fig. 17 (labeled "With prefilter"). It can be observed that the displacement output closely follows a desired triangular reference within a wide range of 10 μm with a standard deviation of 0.02 μm.
Results of sinusoidal reference tracking, with 1DoF and 2DoF control structures, are also shown in Fig. 20 with labels "No prefilter" and "With prefilter," respectively, where the prefilter and lookup tables described earlier were used again. The integral and proportional gains for the 1DoF control system were k i = 4000 and k p = 20, and those for the 2DoF control system were k i = 1250 and k p = 2.2. In each case, the gain values were tuned to achieve the best tracking performance. Similar to the triangular reference case, the 2DoF control system provides less tracking error, less noise bandwidth, and more stability margins with respect to the 1DoF system. The steady-state positioning error for a full seek range of 10 μm has standard deviations of 0.05 and 0.02 μm with the 1DoF and 2DoF systems, respectively.
V. CONCLUSION
A novel micromachined silicon nanopositioner with onchip electrothermal actuator and sensor has been presented with nanometer resolution and low sensor drift. The MEMS positioner was embedded in a feedback loop to realize a precise position control. Due to the nonlinear nature of the electrothermal actuator, a nonlinear inversion block was added to the feedback loop to linearize the plant. The experimental results showed that the positioner with the PI controller achieved a high degree of positioning accuracy with good robustness.
The actuator positions the heat-sink plate, which is a suitable platform for samples located on it as a load. This 1-D positioner is a preliminary experimental device for a future 2-D one, which will be used as a nanopositioner stage for scanning probe microscopy. As the forces induced by thermal expansion of the arms are strong, it is expected that the performance of the positioner would not significantly change if small probes or samples are attached to the platform. Due to the limitation of the SOIMUMPs fabrication process, it is not possible to design a 2-D thermal-based positioner in a single device layer. However, the thermal sensors and actuators can be placed in different layers, which can be fabricated in METALMUMPs process through MEMSCAP. A 2DOF thermal-based nanopositioner is under investigation by the authors for imagining applications.
